The antidiuretic hormone vasopressin (AVP), acting through its type 2 receptor (V 2 R) in the collecting duct (CD), critically controls urine concentrating capability. Here, we report that site-1 protease-derived (S1P-derived) soluble (pro)renin receptor (sPRR) participates in regulation of fluid homeostasis via targeting V 2 R. In cultured inner medullary collecting duct (IMCD) cells, AVP-induced V 2 R expression was blunted by a PRR antagonist, PRO20; a PRR-neutralizing antibody; or a S1P inhibitor, PF-429242. In parallel, sPRR release was increased by AVP and reduced by PF-429242. Administration of histidine-tagged sPRR, sPRR-His, stimulated V 2 R expression and also reversed the inhibitory effect of PF-429242 on the expression induced by AVP. PF-429242 treatment in C57/BL6 mice impaired urine concentrating capability, which was rescued by sPRR-His. This observation was recapitulated in mice with renal tubule-specific deletion of S1P. During the pharmacological or genetic manipulation of S1P alone or in combination with sPRR-His, the changes in urine concentration were paralleled with renal expression of V 2 R and aquaporin-2 (AQP2).
Introduction
The antidiuretic hormone, 8-arginine vasopressin (AVP), plays a key role in determining the urine concentrating capacity, a major function of the mammalian kidney in maintaining fluid homeostasis (1) . The action of AVP is mediated by G-protein-coupled receptors called AVP receptors that exist in 3 subtypes: V1, V2, and V3. V2 receptors (V 2 R) are the major receptor subtype responsible for the antidiuretic action of AVP, which activates adenylyl cyclase type VI and increases cyclic cAMP levels (2), leading to activation of major ion and water transport proteins in the distal nephron. In the collecting duct (CD), activation of this pathway results in redistribution of aquaporin-2 (AQP2) to the apical membrane of the principal cells, allowing precise control of water excretion (3, 4) . Besides the CD, the water-impermeable thick ascending limb (TAL) is another important site of antidiuretic action of AVP. The NKCC2-mediated Na + transport in the TAL is a prerequisite for maintaining the longitudinal osmotic gradient and is activated by the AVP-V 2 R axis (5, 6) .
(Pro)renin receptor (PRR) is a 350-amino acid type 1 transmembrane receptor that binds both prorenin and renin with high affinity in the nanomolar ranges (7) (8) (9) . Within the kidney, PRR is predominantly expressed in the intercalated cells of the CD. Multiple studies using genetic and pharmacological approaches consistently demonstrate an essential role of renal tubular PRR in regulation of urine concentrating capability (10, 11) . In this regard, deletion of PRR from the whole nephron (10, 12) and the CD (13) in mice consistently produces diabetes insipidus (DI), while administration of a PRR decoy inhibitor PRO20 in rats impairs urine concentrating capability (13) .
Full-length PRR is subjected to protease-mediated cleavage to produce a 28 kDa of the N-terminal extracellular domain, the soluble PRR (sPRR) and the 8.9 kDa C-terminal intracellular domain called M8.9 (14, 15) . We have shown in vitro evidence that sPRR, via β-catenin signaling, stimulates AQP2 expression in cultured CD cells (16) . Based on these observations, we proposed a potentially novel paracrine model: sPRR is produced from intercalated cells and secreted to the urine, and it then acts on the neighboring principal
The antidiuretic hormone vasopressin (AVP), acting through its type 2 receptor (V 2 R) in the collecting duct (CD), critically controls urine concentrating capability. Here, we report that site-1 protease-derived (S1P-derived) soluble (pro)renin receptor (sPRR) participates in regulation of fluid homeostasis via targeting V 2 R. In cultured inner medullary collecting duct (IMCD) cells, AVPinduced V 2 R expression was blunted by a PRR antagonist, PRO20; a PRR-neutralizing antibody; or a S1P inhibitor, PF-429242. In parallel, sPRR release was increased by AVP and reduced by PF-429242. Administration of histidine-tagged sPRR, sPRR-His, stimulated V 2 R expression and also reversed the inhibitory effect of PF-429242 on the expression induced by AVP. PF-429242 treatment in C57/BL6 mice impaired urine concentrating capability, which was rescued by sPRRHis. This observation was recapitulated in mice with renal tubule-specific deletion of S1P. During the pharmacological or genetic manipulation of S1P alone or in combination with sPRR-His, the changes in urine concentration were paralleled with renal expression of V 2 R and aquaporin-2 (AQP2). Together, these results support that S1P-derived sPRR exerts a key role in determining renal V 2 R expression and, thus, urine concentrating capability. cells to regulate water reabsorption (16) . Understanding the biological function of endogenous sPRR will be facilitated by the discovery of PRR cleaving protease. Earlier studies showed that the cleavage process depended on furin or ADAM19 (17, 18) . However, recent studies by Nakagawa et al. (19) and our laboratory (20) using different approaches consistently demonstrate that site-1 protease (S1P) functions as a predominant source of sPRR production. In the present study, we attempted to define the role of S1P-derived sPRR in regulation of fluid homeostasis and to study the underlying mechanism involving V 2 R regulation.
Results
In vitro investigation of S1P-derived sPRR in regulation of V 2 R expression in cultured IMCD cells. The V 2 R receptor is localized to the basolateral membrane of the CD principal cells and is responsible for elevating intracellular cAMP, thus increasing water permeability (21) . V 2 R expression in the CD cells is shown to be upregulated by AVP (22) , in addition to hyperosmolality (23) and low pH (24) . We attempted to examine PRR as a potential mediator of AVP regulation of V 2 R expression in primary cultures of rat inner medullary collecting duct (IMCD) cells. IMCD cells were isolated from the inner medulla of SD rats and grown in 6-well plates. After reaching confluence, the cells were exposed to AVP in the presence or absence of a PRR antagonist PRO20 or anti-PRR-N antibody. By immunoblotting, the V 2 R was detected as a single 40-kDa band. The specificity of the anti-V 2 R antibody was validated by siRNA-mediated knockdown of V 2 R mRNA ( Figure 1A ). Exposure to 100 nM AVP for 24 hours elevated the protein abundance of V 2 R ( Figure 1B ). The increase in V 2 R protein abundance was abolished by a PRR antagonist PRO20 ( Figure  1B ). The same result was obtained by using anti-PRR-N antibody as a PRR-neutralizing agent ( Figure 1C) . The validation of anti-V 2 R antibody by using V 2 R siRNA (n = 3 per group). (B) Effect of AVP alone or in combination with PRO20 on V 2 R expression (n = 6 per group). (C) Effect of AVP alone or in combination with anti-PRR-N antibody on V 2 R expression (n = 6 per group). In another experiment, primary rat IMCD cells were pretreated with a β-catenin inhibitor, ICG001 (ICG), and then treated for 24 hours with 10 nM sPRR-His. V 2 R protein expression was determined by immunoblotting and qPCR and was normalized by β-actin and GAPDH, respectively. (D) Effect of sPRR-His alone or in combination with ICG on V 2 R protein expression (n = 6 per group). (E) Effect of sPRR-His alone or in combination with ICG on V 2 R mRNA expression (n = 6 per group). Statistical significance was determined by using unpaired Student's t test. Data are means ± SEM. CTR, control. *P < 0.05 versus control; # P < 0.05 versus AVP or sPRR-His alone.
These results suggest involvement of PRR in mediating upregulation of V 2 R expression by AVP.
A recombinant histidine-tagged rat sPRR was generated using a mammalian cell expressing system and termed sPRR-His (16). We examined the effect of sPRR-His on V 2 R expression in primary IMCD cells. Following 24-hour exposure to 10 nM sPRR-His, V 2 R protein expression was significantly increased as evaluated by immunoblotting ( Figure 1D ). Quantitative PCR (qPCR) detected a similar stimulation of V 2 R mRNA in response to sPRR-His treatment ( Figure 1E ). In our previous study, we reported that sPRR signals via the β-catenin pathway to increase AQP2 expression in cultured ICMD cells (16) . Therefore, we examined involvement of β-catenin signaling in V 2 R regulation by sPRR-His. We found that a β-catenin inhibitor ICG001 effectively attenuated sPRR-His-induced V 2 R protein and mRNA expression (Figure 1, D and E) . These results suggest that PRR induces V 2 R expression via sPRR activation of β-catenin signaling.
Recent reports from our group and others have identified S1P as a predominant protease responsible for the generation of sPRR (19, 20) . Therefore, we examined the role of S1P-derived sPRR in mediating AVP upregulation of V 2 R expression in primary rat IMCD cells. Following exposure for 24 hours to 10 nM AVP treatment, these cells exhibited a significant increase in V 2 R protein expression, which was almost completely abolished by a S1P inhibitor PF-429242 (PF) (Figure 2A ). The inhibitory effect of PF on V 2 R expression was largely restored by adding sPRR-His (Figure 2A ). AQP2 protein abundance was detected on the stripped blot and exhibited a similar pattern as V 2 R expression ( Figure 2A ). Medium sPRR, which was detected by ELISA, was elevated by AVP and suppressed by PF ( Figure 2B ).
Pharmacological investigation of the role of S1P-derived sPRR in regulation of water homeostasis in mice. To test the role of S1P-derived sPRR in regulation of water homeostasis, we administered PF alone or in conjunction with sPRR-His to C57/BL6 mice. Urinary sPRR was reduced by PF and was increased several-fold following sPRR-His infusion ( Figure 3A) . PF mice displayed polyuria and hypoosmotic urine, both of which were nearly completely reversed by sPRR-His infusion ( Figure 3 , B and C). The magnitude of changes in urinary osmolality in response to acute AVP treatment was taken as an index of AVP sensitivity. PF blunted AVP sensitivity, and this effect was reversed by sPRR infusion ( Figure 3D Trepiccione et al. report that Renal tubular PRR KO (RT PRR-KO) mice exhibit a strong autophagic defect in medullary epithelial cells, as characterized by accumulation of autophagosome markers, including p62 and microtubule-associated protein 1A/1B-light chain 3 (LC3b), in the TAL and to less extent in the CD (12) . Such an autophagic abnormality has been proposed as a potential mechanism to explain the downregulation of NKCC2, as well as AQP2 expression in the RT PRR-KO mice (12) . Accordingly, we examined whether S1P inhibition affected expression of the same autophagosome markers. To our surprise, the protein expression of microtubule-associated LC3b or p62 was unaffected by either PF or sPRR-His ( Figure 4B ). These results revealed no evidence for sPRR regulation of renal autophagy under the current experimental condition.
Generation of RT S1P-KO mice and analysis of the phenotype during regulation of water homeostasis. Inducible renal tubule-wide deletion of S1P was created by crossing S1P fl/fl mice with Pax8/LC1 transgenic mice, followed by doxycycline treatment in the adult animals. This method was originally developed by Trykova-Brauch et al. (25) and later validated by multiple investigators (10, 12, 26) . As expected, a PCR-based strategy showed DNA recombination in the kidney and liver but not other organs ( Figure  5 , A-C). By immunoblotting, renal protein abundance of S1P was decreased in S1P
fl/+ -Cre + mice as compared with S1P
fl/+ -Cre -controls, and the reduction was more obvious in S1P fl/fl -Cre + mice following doxycycline treatment (termed as RT S1P-KO mice) ( Figure 5D ). The null mice were grossly indistinguishable from their floxed controls. However, under basal conditions, the null mice at the age of 10-12 weeks developed polyuria, hypoosmotic urine, and blunted AVP response, which were all significantly attenuated by administration of sPRR-His ( Figure 6 , A-C). By immunoblotting, RT S1P-KO mice had parallel reductions of renal protein expression of V 2 R, AQP2, and NKCC2 as compared with the floxed controls ( Figure 7 ). Interestingly, sPRR-His infusion restored the expression of V 2 R and AQP2 but not NKCC2 ( Figure 7) . Therefore, the phenotype of RT S1P-KO mice is largely reminiscent of the original observation from the pharmacological investigation.
The rescue of the DI phenotype in PRR-null mice by sPRR-His. Our previous studies have shown that conditional deletion of PRR from the renal tubules (RT PRR-KO) or the CD (CD PRR-KO) induced severe polyuria, hypoosmotic urine, accompanied by a significant reduction of renal AQP2 protein expression (13, 27) . However, whether this phenotype was due to reduced sPRR production was unclear. Furthermore, whether sPRR acted through V 2 R remains uninvestigated, although it has been shown to upregulate AQP2 expression in cultured CD cells (28) . We first analyzed V 2 R expression in the renal medulla of RT PRR-KO and CD PRR-KO mice under basal conditions. By immunoblotting, renal medullary V 2 R protein abundance was reduced by 60% in CD PRR-KO mice ( Figure 8A ) and by 75% in RT PRR-KO mice ( Figure 8C ). In parallel, renal medullary V 2 R mRNA expression, as assessed by qPCR, was reduced by 52% in CD PRR-KO mice ( Figure 8B ) and by 58% in RT PRR-KO mice (Figure 8D ). Subsequently, we administered sPRR-His to the 2 strains of null mice. Baseline urinary sPRR excretion, as assessed by ELISA, was reduced by 28% in CD PRR-KO mice and 73% in RT PRR-KO mice ( Figure 9, A and B) ; following sPRR-His infusion, urinary sPRR increased several-fold in both PRR-null groups. Under basal conditions, CD PRR-KO mice developed a modest degree of DI, as previously described (urine volume [UV]: KO, 2.2 ± 0.4, versus floxed, 1.2 ± 0.3 ml/d;P<0.05; ref. 19) . A 3-day sPRR-His infusion in CD PRR-KO mice significantly attenuated the polyuria and improved urine osmolality ( Figure 9, C and D) . In contrast, RT PRR-KO mice developed more robust polyuria (~6-fold) and hypotonic urine ( Figure 9, E and F) . The antidiuretic action of sPRR-His was similarly observed in RT PRR-KO mice, albeit with a slower or incomplete response. The significant effect of sPRR-His in RT PRR-KO mice was not observed until day 7 and was maximal at day 10. In both null strains, sPRR-His infusion significantly elevated renal medullary protein abundance of both V 2 R and AQP2 ( Figure 10A ). Besides the abnormality in the V 2 R-AQP2 axis, RT PRR-KO mice also exhibited suppressed NKCC2 protein expression ( Figure 10B ). In contrast, the downregulation of NKCC2 was unaffected by sPRR-His infusion ( Figure 10B) .
Next, we reexamined the issue concerning the potential relationship between PRR/sPRR and the autophagasome accumulation. As expected, RT PRR-KO mice displayed a remarkable upregulation of autophagosome markers, including p62 and LC3b (Figure 10B ), as previously reported by Trepiccione et al. (12) . However, neither of these markers was affected by sPRR-His infusion ( Figure 10B ). Interestingly, unlike RT PRR-KO mice, CD PRR-KO mice did not have elevated expression of p62 or LC3b (data not shown). These results suggest that autophagosome accumulation induced by PRR deletion may occur primarily in the TAL but not in the CD, which can be dissociated from the antidiuretic action of sPRR-His.
CD PRR-KO mice had a 42% reduction of baseline AVP sensitivity, which was almost completely normalized following a 3-day sPRR-His infusion ( Figure 11A) . A relatively greater reduction of baseline AVP sensitivity was observed in RT PRR-KO mice, in parallel with more severe DI phenotype. sPRR-His infusion over a longer period of time induced a partial but significant restoration of AVP sensitivity in RT PRR-KO mice ( Figure 11B ).
Besides the peripheral tissues, PRR is also expressed in the CNS, particularly the neurons secreting AVP (29) . Indeed, evidence is available to suggest a functional role of PRR in regulation of central AVP production and, thus, urine concentrating capability, as well as blood pressure (29) . However, no prior report examines the involvement of sPRR in regulation of AVP production. We therefore performed ELISA to measure urinary AVP excretion in our models. Twenty-four hour urinary excretion of AVP was unaffected in both strains of the null mice, irrespective of sPRR-His infusion ( Figure 11, C and D) . These results support the concept that sPRR selectively targets the V 2 R-AQP2 axis in the CD without affecting central AVP production.
Discussion
Compelling evidence from pharmacologic and conditional gene KO studies has established a crucial role for PRR in determining renal AQP2 expression and urine concentrating capability (30, 31) . In particular, mice lacking PRR from the renal tubule or the CD consistently developed severe DI associated with a remarkable downregulation of AQP2 expression (16, 27) . Our previous study further demonstrates that exogenous sPRR exerts a biological function in regulation of AQP2 expression and urine concentrating capability (16) . Recently, S1P -but not furin or ADAM19 -has shown to be the predominant source of sPRR generation. In the present study, we provide pharmacological and genetic evidence to support an essential role of S1P-derived sPRR in regulation of fluid homeostasis, and we further identify V 2 R as its molecular target. V 2 R is the principal receptor subtype responsible for antidiuretic action of AVP (32) . It is localized to the basolateral membrane of the principal cells of the CD. As a Gs-coupled GPCR, V 2 R activation by AVP leads to increased intracellular cAMP and, thus, activation of protein kinase A (PKA), which induces trafficking of The densitometry values were normalized by β-actin and shown underneath the blots. Of note, for a better comparison between 2 groups, the protein samples from the RT S1P-KO group were from the same animals. Statistical significance was determined by using unpaired Student's t test. *P < 0.05 versus floxed; # P < 0.05 vs. RT S1P-KO mice.
AQP2 to the apical membrane and enhancement of water permeability in the CD (1, 33) . While the AQP2 trafficking process has been well delineated, less is known about the regulation of V 2 R, a key determinant of the antidiuretic action of AVP. In the present study, we report for the first time to our knowledge that sPRR functions as an important regulator of renal V 2 R expression. In vitro data showed that V 2 R expression was elevated following exposure to sPRR-His. The stimulation of V 2 R expression by sPRR is mediated by β-catenin signaling, since it is blocked by ICG001, an inhibitor of β-catenin signaling. We previously reported that sPRR signals through β-catenin to induce AQP2 expression (16) . Consistent with the in vitro observation, compelling in vivo data demonstrate sPRR as a regulator of renal V 2 R expression. At basal condition, renal mRNA and protein expression of V 2 R is consistently suppressed in mice lacking PRR in the CD or renal tubules. At functional level, AVP sensitivity is also consistently impaired in both PRR-null strains. It is likely that defective V 2 R, at least in part, accounts for the suppressed renal AQP2 expression and urine concentrating capability induced by renal tubule-and CD-specific deletion of PRR. We provide further evidence that the V 2 R regulatory role of PRR is mediated by sPRR. In this regard, urinary excretion of sPRR is reduced in both strains of PRR-null mice. More importantly, the polyuria phenotype, renal expression of V 2 R and AQP2, in the null mice were all rescued by administration of sPRR-His. Together, these data support the concept that sPRR directly regulates renal V 2 R expression via β-catenin signaling, thus controlling AVP sensitivity. In addition, sPRR signals through the same β-catenin pathway to independently stimulate AQP2 transcription (16) . Thus, sPRR is an effective regulator of renal AVP-V 2 R-AQP2 axis owing to its capability to simultaneously target both V 2 R and AQP2. In agreement with the current study, the cAMP response to AVP is blunted in MDCK.C11 cells transfected with PRR siRNA (34) as well as in isolated renal medullary CDs (35) .
Besides the CD, the TAL is another important site of antidiuretic action of AVP (5, 36, 37) . This nephron site accounts for 30% NaCl reabsorption via furosemide-sensitive NKCC2-mediated active NaCl transport and is water impermeable; it therefore serves to maintain the longitudinal osmotic gradient and promote efficient water reabsorption in the CD. As in the CD, the AVP-V 2 R axis is also operative in the TAL via releasing intracellular cAMP to activate PKA (36) . In the TAL, the stimulation of AVP-V 2 R axis induces phosphorylation of NKCC2 at several conserved NH2-terminal threonine and serine residues to increase its activity (5, 6) . The functional contribution of AVP signaling in the TAL has recently been elegantly tested by using transgenic rats expressing a dominant negative V 2 R mutant (Ni3-Glu242stop) under the control of Tamm-Horsfall protein (THF) promoter (5). The TAL-specific inactivation of V 2 R results in significant polyuria under basal conditions and failure to concentrate urine following water deprivation, associated with reduced renal expression of NKCC2 and p-NKCC2. Therefore, V 2 R-dependent activation of NKCC2 in the TAL is a prerequisite for the overall urine concentrating capability.
It is not surprising that, as an effective regulator of urine concentrating capability, PRR targets NKCC2 in addition to AQP2. Indeed, renal NKCC2 expression is significantly reduced in parallel with suppressed AQP2 expression in the RT PRR-KO mouse model (12) . In agreement with this observation, we found that renal expression of both NKCC2 and AQP2 was reduced in RT PRR-KO mice. Likely due to suppression of NKCC2 and AQP2 expression, RT PRR-KO mice exhibited more severe polyuria as compared with CD PRR-KO mice. Interestingly, the 2 null strains responded to sPRR-His differently in terms of timeframe of alleviation of polyuria and the restoration of transporter proteins. The full antidiuretic action of sPRR-His occurred in CD PRR-KO mice at day 3, whereas a significant effect of sPRR-His in RT PRR-KO mice didn't happen until day 7. At a molecular level, the renal expression of V 2 R and AQP2, but not NKCC2, was restored by sPRR-His in the null strains. These results strongly suggest that sPRR-His selectively affects V 2 R-AQP2 axis in the CD but not the TAL. In light of intercalated cells as a major site of renal PRR expression, we propose a paracrine mechanism by which intercalated cell-derived sPRR acts on the apical membrane of principal cells to regulate AQP2-mediated water transport (16) . This notion is reinforced by the current observation concerning a major antidiuretic action of sPRR in the CD. Besides the physiological function of PRR in the kidney, PRR is well known to regulate development and integrity of multiple tissue types, as highlighted by pathological abnormalities and lethality induced by systemic or organ-specific deletion of PRR (38) (39) (40) . In particular, RT PRR-KO mice develop prominent autophagosome accumulation in the TAL and, to a lesser extent, in the CD, which has been postulated to contribute to decreased expression of NKCC2, as well as AQP2 (12) . However, our results don't support this speculation. In this regard, there was no correlation between renal AQP2 abundance and the markers of the autophagosome (p62 and LC3b) in RT PRR-KO mice in response to sPRR-His infusion. Furthermore, unlike RT PRR-KO mice, CD PRR-KO mice showed little evidence of autophagosome accumulation (data not shown). S1P has recently been identified as a predominant protease responsible for generation of sPRR (19, 20) . In the present study, we employed a S1P inhibitor and RT S1P-KO model to test the potential role of endogenous sPRR in regulation of fluid homeostasis. Under basal conditions, mice treated with PF displayed higher UV and lower urine osmolality -accompanied with decreased renal AQP2 and V 2 R expression -and impaired AVP sensitivity, in parallel with reduced urinary sPRR excretion. Administration of sPRR-His nearly completely blocked PF-induced polyuria with significant restoration of V 2 R and AQP2 expression. These results were recapitulated in RT S1P-KO mice. The consistent observation made by the pharmacological and genetic studies strongly supports a causal relationship between endogenous sPRR production and urine concentrating capability. Interestingly, not only did S1P inhibition affect the V 2 R-AQP2 axis, but it also reduced NKCC2 expression. The mechanism for the downregulation of NKCC2 due to S1P inhibition remains unclear. This result may suggest a role of S1P-derived sPRR in regulation of NKCC2 expression. However, exogenous sPRR-His infusion doesn't affect NKCC2 expression in either PF-treated or RT PRR-KO mice. It seems reasonable to speculate that sPRR may act intracellularly in the TAL to control NKCC2 expression, in contrast to the extracellular action of sPRR in the CD. The distinct mechanisms of action of sPRR in the TAL versus the CD certainly warrant further investigation. It is also possible that S1P may regulate NKCC2 independently of sPRR. Besides PRR, S1P modifies unique membrane-bound latent transcription factors. A well-studied representative of this type of transcription factors is the sterol regulatory element-binding transcription factor (SREBP), a crucial transcription factor governing cholesterol and fatty acid biosynthesis (41) (42) (43) (44) . Similarly, S1P also processes membrane-bound activating transcription factor 6 (ATF6) during ER stress response (45) . Currently, no evidence is available to our knowledge to suggest involvement of SREBP or ATF6 in regulation of urine concentrating capability. As discussed above, we found no association between sPRR-His and autophagosome accumulation. In support of this notion, suppression of endogenous sPRR production through S1P inhibition didn't influence the level of autophagy markers. In conclusion, the present study has comprehensively investigated the role and mechanisms of sPRR in regulation of fluid homeostasis. We report that sPRR derived from S1P functions as a potentially novel regulator of V 2 R expression and AVP sensitivity beyond the regulation of AQP2 expression. sPRR-induced V 2 R expression in the CD cells is mediated by β-catenin signaling. NKCC2 expression is suppressed by S1P inhibition but is unaffected by exogenous sPRR-His, suggesting a mechanism of action of sPRR in the TAL that is distinct from that in the CD. Overall, these results offer new perspectives on the S1P/sPRR/V 2 R pathway in renal control of fluid homeostasis.
Methods
Animals. Male 10-to 12-week-old C57/BL6 mice were purchased from the Jackson Laboratory, and male Sprague-Dawley (SD) rats were from Charles River Laboratories. All animals were cage-housed and maintained in a temperature-controlled room with a 12:12-hour light-dark cycle, with free access to tap water and standard rat chow for 14 days.
Conditional gene KO mouse experiments. Mice with conditional deletion of PRR in the CD (CD PRR-KO) were generated by genetic crosses between PRR fl/fl mice (46) and AQP2-Cre mice (47) . Mice with inducible deletion of PRR (27) or S1P in the whole renal tubules (RT PRR-KO or RT S1P-KO) were generated by genetic crosses between PRR fl/fl or S1P fl/fl mice and mice containing Pax8-reverse tetracycline transactivator (Pax8-rtTA) and LC-1 transgenes. Male 10-to 12-week-old null mice and their respective littermate floxed control mice were used for all experiments. All animals were acclimatized to metabolic cages for 7 days. After collection of baseline data for 2 days, the PRR-or S1P-null mice were infused for 4 or 7 days with sPRR-His at 30 μg/kg/d via jugular vein catheterization connected to an osmotic mini-pump (Alzet model 1007D, Alza). At the end of the experiment, blood was drawn from the vena cava, and 1 kidney was cut into cortex and inner medulla; the other kidney was fixed and paraffin embedded.
Genotyping. DNA was isolated from a variety of organs and PCR was performed using the following primers: S1P, forward 5′-GAG AGC TCG AGA TGA CAG GGG ACA CAG-3′ and reverse 5′-GCC CAA TCC ACC GCT CTG TAG CGG AC-3′, which yields a 434-bp product from the S1P fl/fl gene and a 380-bp product from the WT allele.
Analysis of S1P gene recombination. DNA was isolated from a variety of organs and subjected to PCR analysis of the recombined S1P gene. PCR was performed for 40 cycles at 94°C for 20 seconds, 60°C for 45 seconds, and 68°C for 3 minutes and 45 seconds using the following primers: forward 5′-CAA AGG CAA GGC CTA CAG AG-3′ and reverse 5′-GAG AGC TGC AGA TGA CAGG-3′. These primers are located in introns 1 and 2 and yield an 1800-bp product from the recombined DNA product.
C57/BL6 mouse experiments. Male 10-to 12-week-old C57/BL6 mice were acclimatized to metabolic cages for 7 days. After collection of baseline data for 2 days, mice randomly received vehicle or s.c. PF infusion at 20 mg/kg/day via osmotic minipump (Alzet model 1007D, Alza) or in conjunction with i.v. sPRRHis infusion at 30 μg/kg/day via jugular vein catheterization connected to a separate osmotic minipump for 4 days. The sample collections were same as described above.
Acute AVP experiments. Urinary bladder was emptied from mice by bladder massage, and the mice were i.p. injected with AVP (720 ng/kg body weight). Over a 2-hour period in which mice had no access to food or water, urine was collected by bladder massage, and urine osmolality was measured at baseline and following AVP injection. AVP sensitivity was represented as the ratio of osmolality change.
Cell culture experiments. IMCD cells were prepared from 4-week-old SD rats as previously described (48) . Briefly, the cells were grown in Transwells (catalog 29442-074, VWR) with DMEM/F-12 medium containing 10% FBS (Thermo Fisher Scientific), 0.5 μM 8-Br-cAMP (MilliporeSigma), 130 mM NaCl (Mallinckrodt Chemical), and 80 mM urea (Mallinckrodt Chemical). After 4 days of growth, the cells were serum deprived for 12 hours and pretreated with an inhibitor (1. At the end of the experiments, the medium was collected for biochemical assays and the cells were harvested for immunoblotting.
Enzyme immunoassay. AVP and sPRR in biological fluids were determined by using the following commercially available enzyme immunoassay (EIA) kits according to the manufacturer's instructions: the kits for AVP (catalog 583951, Cayman Chemical) and sPRR (catalog JP27782, IBL).
Immunoblotting. Renal tissues were lysed and subsequently sonicated. Protein concentrations were determined by using Coomassie reagent. Protein (40 μg) for each sample was denatured in boiling water and was then separated by SDS-PAGE gels and transferred onto nitrocellulose membranes. Blots were blocked 1 hour with 5% nonfat dry milk in Tris-buffered saline (TBS), followed by incubation overnight with primary antibody. After washing with TBS, blots were incubated with goat anti-rabbit/mouse/goat horseradish peroxidase-conjugated (HRP-conjugated) secondary antibody and visualized using enhanced chemiluminescence (ECL). The blots were quantitated by using Imagepro-plus. The primary antibodies include goat anti-AQP2 (catalog sc-9882, Santa Cruz Biotechnology Inc.), rabbit anti-NKCC2 (catalog SPC401, StressMarq), rabbit anti-V 2 R (catalog ab109326, Abcam), mouse anti-p62 (catalog ab40790, Abcam), and rabbit anti-LC3B (catalog ab48394, Abcam).
qPCR. Total RNA was isolated from renal tissues and reverse transcribed to cDNA. Oligonucleotides were designed using Primer3 software (available at http://bioinfo.ut.ee/primer3-0.4.0/). Primers of V 2 R are: 5′-TGC TGG CGG TGA TTT TCGT-3′ (sense) and 5′-GGA AGA TGC GAACATGGCAAA-3′ (antisense); primers of NKCC2 are: 5′-GTC TCG GTG TGA TTA TCA TCGG-3′ (sense) and 5′-ATC CGT TTG TGG CGA TAG CAG-3′ (antisense); and primers for GAPDH are: 5′-GTC TTC ACT ACC ATG GAG AAGG-3′ (sense) and 5′-TCA TGG ATG ACC TTG GCC AG-3′ (antisense).
Statistics. Data is summarized as means ± SEM. All data points represent animals that were included in the statistical analyses. Sample sizes were determined on the basis of similar previous studies or pilot experiments. Statistical analysis for animal and cell culture experiments was performed by using ANOVA with the Bonferroni test for multiple comparisons or by paired or unpaired Student's t test for 2 comparisons. The Student's t tests were performed with 2-tailed t test. The P < 0.05 was considered statistically significant.
Study approval. The present studies in animals were reviewed and approved by the Animal Care and Use Committee at the University of Utah.
